Abstract-The coercive force and crystallographic texture in a tube made from ferrite low carbon steel are studied after fatigue and tensile tests during fracture after cyclic loading by hydraulic pressure. The texture was studied using synchrotron radiation (transmission geometry) by constructing three dimensional distri bution function of orientations. The typical texture of rolling of the ferrite steel is maximal in the median cross section of the tube wall, and the highest texture intensity is due to deformation preceding fracture. The coer cive force is found to increase in portions neighboring to the fracture zone.
INTRODUCTION
In practice, any metallic products and construc tions are subjected to external actions that steadily vary with time. It is important to estimate the life of the products and constructions under such conditions. In particular, when designing pipelines, it is important to predict the behavior of pipeline steel under cyclic loading [1] . The following factors substantially influ ence the corrosion resistance, cold resistance and fracture toughness of hot rolled steels: alloying sys tems, rolling conditions, the number and composition of nonmetallic inclusions, and the structural parame ters of metals (texture, microstructure, banding). In ferrite steels, the influence of texture manifests itself as anisotropy of impact toughness [2, 3] , yield strength, and fatigue crack growth rate [4] .
In practice of prediction of the service behavior of pipeline transport and reservoirs for the storage of energy carriers, considerable attention has been focused on the methods of nondestructive tests of the structural state of semiproducts and products. For steels, one of the methods is based on studying coer cive force [5] . This characteristic is sensitive to the metal thickness, the grain size, the existence of inclu sions, their elongation, and residual stresses and is more informative as compared to, e.g., flaw detection data [5] .
The aim of this work is to establish the laws of crys tallographic texture formation and the behavior of coercive force during qualification fatigue and strength tests of a full scale tube specimen after cyclic loading by hydraulic pressure. Hydraulic tests were performed at the following two stages: the first stage, repeated (3 × 10 4 cycles) loading by the pressure that induces stresses of 73% of the actual yield strength (0.5 MPa at the minimal pres sure) in the tube wall; the second stage, single loading by the pressure causing fracture of the tube.
The following equipment was used:
(i) a PTR1 1 400 hydraulic unit intended for tests with water supplied at a flow rate of 1 m 3 /h and a pres sure of to 40 MPa;
(ii) a stand in the form of reinforced concrete shelter intended for tests of objects with PV up to 150 MPa m 3 (P is the test pressure, and V is the capacity of the object under test); (iii) a controlling and measuring complex consist ing of two MTI 0 600 manometers of 0.6 class with a relative error of ±0.36 MPa intended for precise mea surements and a 1171 Metran DI 100 pressure trans ducer with a relative error of ±0. Using the coercimeter, we measured the coercive force in ring and axial directions for each tube fraction in a chosen control cross section. Control cross sec tion was chosen at a distance of 2 m from the place of welding a technological ring to the tube. The section perimeter was divided into 15 segments ~150 mm in length.
To perform tests, we welded two elliptic bottoms with technological rings and two connecting pipes to the tube (one for connection of the tube to a hydraulic unit, and the other for connection to the manometers for measuring the pressure in the tube).
A tube fragment 2.7 t in mass prepared for tests was installed on the stand using a crane, so that air was evacuated from the tube fragment after it was filled with water. To completely remove air from water, the tube was stored for 1 h with no connection to the hydraulic unit.
Then, we performed incoming control: we mea sured the real sizes of the tube fragment (outside diam eter D out , length L, and wall thickness h). The absence of defects on the internal and external tube surfaces that could prevent tests was checked visually.
After the tube fragment was fractured, four speci mens were cut along the fracture line ( Fig. 1 ) to study their texture and structure.
Texture was studied using synchrotron radiation at the HASYLAB DESY Laboratory (Hamburg, Ger many). We used hard 160 keV X ray radiation charac terized by high penetrability on the order of thermal neutrons [6] . The crystallographic texture of steel specimens (small cubes with 5 mm long edges) was studied by a transmission method (Fig. 2) in three sec tions of the tube wall (surface, middle, and internal sections).
Using the texture study results, we constructed full pole figures {110}, {200}, and {211}, from which a three dimensional orientation distribution functions (ODF) was calculated in the Euler angle space accord ing to [7] . Since ODF can be considered in any three dimensional space, the spherical angle space and direction cosine space can be used. The crystallo graphic orientation in a solid after Bunge [7] is described in the Euler angle space. Two coordinate systems are used: one of which is rigidly related to a specimen (the axes coincide with the rolling direction (RD) or have transverse (TD) and normal (ND) direc tions with respect to the rolling plane), and the other is related to a crystallite composing the polycrystal (the orientations of the crystallite axes with respect to RD, TD, and ND in a tube specimen are described by Euler angles ϕ 1 , Φ, and ϕ 2 according to [7] ). In the ini tial state, the X, Y, Z axes of the crystallite coincide with the RD, TD, and ND axes of the specimen. Suc cessive rotations of the system about axis Z through angle ϕ 1 , about the RD axis through angle Φ, and again about Z in its new position through angle ϕ 2 bring the crystallite to orientation g (Fig. 3) . Such a choice of the parameters is convenient for mathemat ical processing. It is easily seen that 0 ≤ ϕ 1 ≤ 2π, 0 ≤ Φ ≤ π, and 0 ≤ ϕ 2 ≤ 2π; i.e., the Euler angles form the three dimensional space each point of which corresponds to the crystallite orientation with coordinates ϕ 1 , Φ, and ϕ 2 .
Let dV be a set of volumes of all specimen portions with orientation g = {ϕ 1 , Φ, ϕ 2 } in the limits of orien tations dg and V be the total volume of the polycrystal; then, we have where f(g) is the ODF that determines the part of crys tallites in an orientation element dg. Since the ODF is normalized according to [7] , we obtain
The analytic relationship between pole figure (PF) and ODF has the form where α and β are the angular polar coordinates of crystal direction with respect to the specimen axes, γ is the angle of rotation about , and is the PF for direction .
RESULTS AND DISCUSSION The geometric sizes of the tube fragment under study were characterized by stable values (according to incoming control, D out = 762.5 ± 5 mm, L = 6050 ± 10, and h = 23 ± 0.2 mm). The estimatied strength and plastic properties of the base metal of the tube are as follows: the ultimate tensile strength is σ u = 615.29 MPa, conventional yield strengths are σ 0.2 = 492.50 MPa and σ 0.5 = 504.68 MPa, and the relative elongation is δ 5 = 22.7%.
During an increase in the pressure in the tube frag ment under tests, the onset of yielding was observed at P oy = 31 MPa. The maximum loading rate of the tube metal in the elastic region was 219.2 MPa/min. The max imum pressure in the specimen (P max = 38.52 MPa) was measured at the fourth minute from the beginning of loading; then, the pressure decreases in 3 min, and the fragment fractured at P f = 37.1 MPa. The test time was 6.5 min. Fracture occurs in the base metal along the tube generatrix at a distance of 430 mm from the weld with no formation of fragments. The fracture mecha nism is ductile, and no visible metal defects were observed at the fracture surface. In the fracture zone, the fracture surface has slite shaped elements in a por tion ~500 mm in length. Visual control shows that there are no damages in the weld (Fig. 1) . The length of the fractured portion in the tube was l = 1480 mm. The fracture zone disposed at a distance of 1250 mm from the bottom is asymmetric in an axial direction. Damages extend from the fracture nucleus on either sides up to 750 mm; therefore, the edge effect of a nearby bottom does not influence crack propagation in the tube wall. The maximum crack opening in the fracture nucleus of the tube was 290 mm. It is seen that the fracture nucleus is disposed at the level of control portion 4 (Fig. 1) . It is the portion that has the maxi mum coercive force H c in the ring direction of the tube before tests (Fig. 4a) . After fracture, the coercive force increases substantially in the control portions adjacent to the fracture nucleus (Figs. 4b, 4c ).
Since ODF is a three dimensional function, it is graphically represented using images of individual seg ments for ϕ 2 = const with varying two other Euler angles from 0° to 90°. ODFs are analyzed using stan dard maps of going from the Euler angles to perfect crystallographic orientations [8] . (RD)'
The important components of the rolling texture of low carbon steels correspond to the longitudinal ori entations of the following three fibers [9] (Fig. 5): (1) α fiber: the 〈110〉 fiber axis is parallel to RD, including main components {001}〈110〉, {112}〈110〉, and {111}〈110〉; angle ϕ 1 = 0, angle Φ = 0°-90°.
(2) γ fiber: the 〈111〉 fiber axis is parallel to ND, including main components {111}〈110〉 and {111}〈112〉; angle Φ = 55° and angle ϕ 1 = 0°-90°.
(3) ε fiber: the 〈110〉 fiber axis is parallel to TD, including main components {001}〈110〉, {111}〈112〉, {554}〈225〉, and {011}〈100〉; angle ϕ 1 = 55° and angle Φ = 0°-90°.
When denoting perfect crystallographic orienta tions, we took into account that the family of {hkl} planes is disposed in a plane tangential to the cylindri cal surface of the tube and that a set of crystallographic directions 〈uvw〉 belonging to the {hkl} family is paral lel to the tube axis.
All ideal orientations belonging to these fibers can be found in segment ϕ 2 = 45° of the Euler space shown in Fig. 6 . As is seen, the orientation plane of texture is located at six intensity levels.
Based on an analysis of the results, it was concluded that the tube texture can be described using main ori entations {001}〈110〉 + {111}〈110〉 typical of the rolling texture of steel [2] [3] [4] 8] . The first of these orientations is most intense in all tube layers. A more detailed anal ysis additionally gives texture components {111}〈211〉, {332}〈311〉, and {554}〈225〉 found when comparing the ODF segment for ϕ 2 = 45° shown in Fig. 6 to the ideal orientations shown in Fig. 5 . The type of texture is not changed in the tube wall thickness but its intensity is different: it is most intense in middle layers of the tube wall. The texture orientation planes are also different for four specimens cut along the main crack after frac ture (Fig. 1) . The highest texture intensity is demon strated by specimen 2 cut near the fracture nucleus. The results of analyzing the texture of specimen 2 are shown in Fig. 7 .
The measurements of the length and thickness of control portions after fracture shows that tube deforma tion at the ends of the fracture line, i.e., near the places of cutting specimens 1 and 4, is minimal. Since the types of texture of these specimens and specimens 2 and 3 are similar, it may be suggested that the texture of the tube material before and after tests is the same. The increase in the texture intensity after a test can be explained by the fact that the metal in all tube portions undergoes plastic deformation during the test. A pos sible model of deformation includes compression of the tube wall (decrease in the wall thickness) and extension along the tube axis and along its generatrix (in the ring direction). An indirect confirmation of this model is the fracture surface shape demonstrated by specimen 3 (Fig. 8a) . Smooth portions of the fracture surface are directed at an angle of 90° to each other ( Fig. 8b) . At the same time, these portions are dis posed at an angle of 45° with respect to TD of the spec imen, i.e., the ring direction of the tube in which a crystallographic orientation is along the 〈110〉 direc tion. In this direction, as well as along the tube axis, extension occurs under internal hydraulic pressure. Simultaneously, compression (decrease in the tube wall thickness) occurs in the tube radial direction. In bcc metals and alloys, the main operating slip systems are {110}〈111〉; they lead to the formation of strong texture maxima {001} and {111} during com pression [9] . Upon tensile deformation, the extension axis unambiguously coincides with the 〈110〉 direction. Similar deformation model is also valid for rolling. Because of this, the initial metal texture that was formed during rolling and manufacturing the tube is sharpened during testing the tube under an applied pressure (specimens 2, 3).
It follows from these data that rather string texture components are orientation {111}〈112〉 and close ori entations {554}〈225〉 and {332}〈113〉. The latter are likely formed as a result of the γ α [4] . During testing the tube under internal pressure, slip along the {110}〈111〉 system for crystallites with the {111}〈110〉 orientations does not satisfy the condition of plane deformation [9] . Therefore, as the degree of deformation increases (when the stress applied exceeds the yield strength), further deformation can occur according to mode I fracture along {001} cleav age planes. A similar phenomenon is likely to be observed during fracture of the tube under study: spec imen 4 has numerous separation layers (Fig. 9) .
The texture at which the crystallographic planes of the {111} family are parallel to the sheet rolling plane is known to be favorable for stamping or deep drawing. Such a texture favors higher plasticity of a metal [10, 11] . The cube texture components at which the crystallographic planes of the {001} family are parallel to the rolling plane decrease the plastic properties of the metal [11] . To improve the plastic properties of the tube metal, the authors of [12, 13] recommended to optimize a rolling technology to increase the fraction of the crystallographic planes of the {111} family par allel to the rolling plane in sheet texture due to a decrease in the fraction of the {001} family planes par allel to the rolling plane.
As is seen, the texture is sharpened in the speci mens immediately adjacent to the fracture nucleus (Figs. 4, 5 ). This finding can be explained by an increase in the volume fractions of crystallites whose crystallographic 〈110〉 directions are parallel to both the axial and ring directions of the tube. The 〈110〉 directions are so called hard magnetization axes, unlike easy magnetization axis 〈100〉 in iron and its alloys [14] . In the same portions (Figs. 4b, 4c) , the coercive force increases substantially after the fracture of the tube. The coercive force can increase due to an increase in the work of reorientation of the magnetiza tion vectors of crystallites from the initial easy magne tization 〈100〉 direction to the hard magnetization 〈110〉 direction when a magnetic field is applied. In [15] , we found similar regularities when studying welded tube specimens made from roll 05kp steel loaded by internal pressure in a compression press. CONCLUSIONS (1) Using hard X ray synchrotron radiation (trans mission geometry) and constructing a three dimen sional orientation distribution function, the texture and coercive force in a tube made from ferrite low car bon steel was studied during fatigue and strength tests after cyclic loading by hydraulic pressure.
(2) It was established that the tube texture can be described using principal crystallographic orientations {001}〈110〉 + {111}〈110〉, which are typical of the roll ing texture of steel; the former orientation is most intense in all sections of the tube wall. Additional tex ture components were found to be {111}〈211〉, {332}〈311〉, and {554}〈225〉. The main deformation mechanisms that can provide texture formation were analyzed.
(3) The coercive force and texture intensity were found to increase in the tube portions that are most strongly deformed during fracture after cyclic loading by hydraulic pressure.
(4) We concluded that a possible fracture nucleus can be predicted by controlling the coercive force in a tube before tests.
(5) To improve the plastic properties of the tube metal, it is expedient to optimize the rolling technol ogy so that the fraction of the {111}〈110〉 component increases due to a decrease in the {001}〈110〉 compo nent fraction in the steel sheet texture.
